We use positron annihilation spectroscopy to study positron kinetics in electrically-biased metal-oxide-silicon (MOS) system and trapping at the SiOz/Si 
I. INTRODUCTION
Historically, the development of faster and smaller microelectronic products involves shrinking of the feature size (an individual transistor) thus decreasing the transistor gate delay. In the present state-of-the-art devices, the insulating layers of metal-oxide-silicon (MOS) devices are 2-3 nm thick. Serious reliability-related problems emerge for thinner oxide layers. Inevitably, the knowledge of the properties of all individual components of a MOS system becomes vital for further progress. For many decades, strong attention is devoted to the SiOalSi interface [ 3, whose structure is still being disputed [ 
Positron annihilation spectroscopy (PAS) is an established defect characterization
. PAS has enormous defect sensitivity, originating from the ability of a positron to 'seek' open-volume defects during its random walk in the material, and become localized in them. The detected radiation emitted upon annihilation with an electron carries information about the electronic environment. In addition, low-energy positron beams enabling control over the probed depth, make PAS perfectly suited for studying thin films, multi-layered structures, and buried interfaces.
After PAS was first applied to study MOS devices [ The theoretical models of the two groups are mutually exclusive. The major discrepancy is directly related to the positron mobility in the Si02. If positrons were capable of drifting in the Si02 of the MOS devices, studied by the Brookhaven group, all of the characteristics derived for reverse bias have to be attributed to the AYSi02 interface, rather than SiO2/Si. Then the established correlation with numerous other techniques must be ruled purely coincidental. In the opposite case, assuming that positrons do not drift in the oxide comes short of explaining the gate metal dependence, shown in the Delft experiments. Although both theories are consistent within all of the results of the respective group, the attempts of explaining the apparent contradictory failed to achieve satisfaction.
In the present work we resolve these contradictions. Studies of "extra-thick" 1-pm-thick MOS devices, prepared at the Delft University of Technology, was carried out at Brookhaven National Laboratory. New analytical approaches are utilized to bring a direct evidence of electric-field-assisted positron kinetics, as well as a proof of the twodefect-state model. Our unified model of the MOS system, consistent with all existing results from the literature, reconfirms the conclusions of both, the Brookhaven and the Delft groups.
EXPERIMENT
Doppler broadening experiments were performed with the variable energy positron beam at Brookhaven National Laboratory [ 171, providing monoenergetic
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positrons with rate -2x10 s (5 mm diameter) within the range from 0 to 70 keV.
Shape-(5') and wing-( W ) parameters are utilized in the analysis [6] . They were normalized to the averaged bulk Si values from the n-MOS scans for energies greater than 50 keV. All measurements are performed at room temperature in dark environment.
The samples were produced at the Delft Institute of Microelectronics and Submicron Technology (DIMES) in collaboration with the Interfaculty Reactor Institute (IRI), Delft University of Technology, the Netherlands. The n-MOS structure was built on n-type (phosphorus doped, 85 Rxcm) Si( 100) substrate (1 00-mm wafers #4-2 and #4-4). Extra-thick insulating Si02 layer was grown in water ambient at 1050 "C to a thickness of 1 pm. MOS devices with large A1 gates (12.5 mm in diameter, approximately 20-nm-thick) were built onto the Si02 film, and a blanket A1 layer was deposited onto the back side of the wafers. The contacts were made through a mask by physical vapor deposition of Al, heated in a resistive tungsten crucible. The wafers were not subjected to forming gas anneal.
To ensure the integrity of the n-MOS structure, the current through the capacitors was constantly monitored not to exceed a few nano-Amperes. A pre-breakdown stage was encountered around 300 V bias (electric field of -3 MV/cm). Although the current was in the 3-4 nA range, strong residual electric field across the oxide was present for about two hours after the bias was eliminated. Hereafter, the experimental results taken during that stage are not reported.
RESULTS

Fixed gate bias: S versus beam energy
The results from the Doppler broadening depth-profiling of the 1 pm n-MOS devices for bias (potential is applied to the front gate, the back side is grounded) ranging between -250 V and +250 V are shown in Figure 1 . The S-parameter is plotted versus the mean implantation depth, z, determined by the empirical formula [ti]:
, where the value for the material density, p, was taken to be equal to that of Si (2.33 g/cm3). Usually, the Si02 density in MOS structures ranges between 2.1 g/cm3 and 2.3 g/cm3, depending on the deposition conditions. The maximum positive bias translates into an intrinsic electric field, E, with a magnitude of 2.5 MV/cm, localized in the insulating oxide.
S-profiles are often used to demonstrate that positron kinetics are influenced by the presence of electric field. Extensive studies of thinner (-0.1 pm or less) MOS devices have been carried out for fields up to 3-5 MV/cm. The interpretation of these data, however, is not straightforward, and sometimes not unique. As less than 100% of the positrons are implanted in the oxide layer, the unavoidable contributions from other positron annihilation states complicate the analysis.
For our samples, at 6 keV beam energy nearly all positrons achieve thermal equilibrium in the 1 pm-thick Si02 layer ( Figure 2 ). Assuming that prior to annihilation the 6-keV implanted positrons were localized in open-volume defects in the oxide network, the experimental S-value at that beam energy would be independent of the external bias. This contradicts the experimental observation, which is therefore a clear evidence for electric-field-assisted positron kinetics.
Fixed incident positron energy: S and W versus gate bias
Doppler spectra were also collected at chosen beam energies, in order to reveal the S and W dependence on the gate bias, while keeping the positron implantation conditions identical. Shown in (Figure 3 ) are the results for 2.5 keV (stars), 6 keV (circles), 13 keV (squares) and 20 keV (triangles). At 2.5 keV the positrons probe the area close to the A1 gate (z = 80 nm). Contributions from the annihilation states at the surface and in the A1 gate are seen in the spectra, and they will not be used later in the analysis. Nevertheless, these data indicate that in sufficiently strong electric field the positrons can be transported toward the substrate, across large distances (>1 pm). The jump in S and W at near zero bias will be explained later. Changes in the beam energy causes a redistribution of the weights for each participating state, which affects the experimentally measured annihilation parameters.
This obscures the effect of the electric field on the positron kinetics, which is the main subject of study in our experiments. To avoid concerns over the interpretation of ourSWdata, we favored data collection at several fixed beam energies, while varying the gate bias ( Figure 3 ). This method has two major advantages. First, the number of probed distinct layers is greatly reduced (in most cases down to three), allowing the unambiguous identification of their S and W 'fingerprints'. And second, the initial positron distribution in each layer is kept identical, which eliminates its unwanted influence on the experimental results.
Mapping positron annihilation states
The 100% oxide implantation (6 keV), combined with the positron mobility in electric field can be utilized to map the specific S and W of the Al/Si02 interface, the bulk Annihilation in the gate cannot be clearly resolved because of its small thickness.
B. Theoretical model
I . Time dependent drift-difision equation
In the absence of electric field, the motion of thermal positrons in a solid is well described by a simple diffusion equation [GI. Introduction of electric field is achieved in the drift-diffusion approximation, by analogy with the familiar classical carrier transport models [ €81. Thus, the motion of the SiO2-implanted positrons under the influence of the electric field is described by the following drift-diffusion equation (DDE): where n(r,t) is the positron density function, D+ -the positron diffusion coefficient in
SiOz, w -their drift velocity and il -the annihilation rate. The drift velocity, which enters in the electric-field term, can be expressed as function of the electric field E.
w = P + E Y
We set the initial conditions by the Makhovian positron implantation profile:
where zo = 330 nm is the mean implantation depth at 6 keV. Further, both interfaces (Al/Si02 and SiOz/Si) enclosing the oxide layer were assumed abrupt and were modeled by perfect positron absorbers (both having positron trapping rate 77 = 00):
A rough estimate of the validity of this approximation can be made by taking the
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lower bounds of the interface trapping rate (1 0 s ) and interface thickness (the length of Si-0 bond at SiOz/Si interface, 0.166 nm [2f]). This sets an upper limit on the positron energies to -10k~T. As we will demonstrate, in our experiments the positrons gain little energy even at the maximum achieved field (A5 <e ken, and therefore, for oxideimplantation, it is safe to consider both interfaces as perfect sinks. 
Fitting parameters and procedures
Electric-field-assisted drift in the oxide was observed at very weak fields, which implies that the positrons are not localized. It can be then assumed that the positron annihilation rate in the oxide is similar to that of free positrons in a quartz crystal (A = l /~, , Z , = 270 PS [22] For the purpose of this work, the precision in the mobility is sufficient to carry out a comparison with previously reported values. Moreover, as we will demonstrate in the course of discussion, this p+ is not as characteristic for Si02 as mobility values measured in crystals, the reasons for which can be traced back to preparation conditions. If needed, the precision can be improved by decoupling D+ and p+, and acquiring more data at small E values, where D+ is important.
Depletion (V < Vp)
More complicated is the regime of depletion, V < Vp. The majority carriers are repelled deeper into the substrate forming a depleted region near the Si02/Si interface, in which the electric field penetrates. The most commonly used approximation of the electric field in the depletion layer is linear attenuation from a maximum value at the interface to zero at the end of the depletion layer. This creates a change of the potential across the device as shown in Figure 6 (depletion). The main potential drop in this case is contained within the depletion layer. In our experiments, however, positrons are injected only into the oxide layer and are not affected by electric fields in the substrate.
They experience electric field constant in depth as in the regime of accumulation, but with significantly smaller magnitude.
We designate 4' (5 < 1) as the scaling factor of the magnitudes of the electric fields at reverse bias (-lV -V' l ) and forward bias (IV -V'l ), e.g. E = tE+ (the superscripts denote the direction of the field). Keeping the mobility fixed to the obtained for the forward bias value, the drift velocity can be expressed as w-= tw'. Thus, after fixing p+ = 1.2 cm2/(Vxs), 6 becomes the only fitting parameter for the depletion regime in a procedure identical to that of the determination of p+ in accumulation. 5 = 0.147hO.007
was obtained from a fit with 2 = 1.2. Both, the model and the experimental results were plotted as a function of the electric field in Figure 7 (b).
The significance of this fitting routine is that PAS can be used as an alternative to obtain device properties, which can be compared to those, derived by a CV technique.
C. Kinetics of the oxide-implanted positrons in electric field
Knowing the value of the positron mobility in the SiOz, the electric-field-assisted positron kinetics can easily be understood. An energetic analysis can be carried out for positrons in a quasi-equilibrium state (average energy gain equals average energy loss) in analogy with the common methods for treating carrier properties in semiconductor devices. Such discussion will shed light on the possibility for having ballistic positrons, which depends on the balance between the energy gains and losses while traveling through the oxide. The average energy gained from the acceleration in electric field between collisions occurs with a rate of e2E2 ( t ) / m , where l/(t) = v/l is the average collision rate, expressed in terms of the scattering length E, and the positron velocity, v.
On the other hand, the energy loss rate is &/(t), with SE being the average energy loss per collision. For positrons in quasi-equilibrium we have:
Remembering that the positron mobility is p =-=-mv m + el e ( t ) 9 &can be expressed as (9) S&=mp:E2 .
The maximum energy loss per collision at E = 2.5 MV/cm field is 6s = 5.1 meV. This value is within the energy range of the available acoustic phonons and significantly less than the energy of the transverse optical (TO) phonons in quartz (20-23 meV) [23] , which dominate the energy loss spectrum. Therefore, the limit at which w = p+E no longer holds occurs at several times larger fields than the maximum achieved in our experiments.
At E = 2.5 MV/cm the drift velocity is w = 3 x 1 O6 c d s , significantly smaller than the thermal velocity, v = 9 . 5~1 0~ c d s . This translates into a 10% energy gain (2.6 meV, or 0.1kBT) as compared to the thermal energy. Using Eqs. 9 and 10 to eliminate ( t ) and p+ in Eq. 8, the average positron kinetic energy, T, can be written as Yet, the 10% energy gain is sufficient to impede the trapping rate for epithermal positrons, which is indicative of small defect density or shallow traps.
D. Experimental evidence for two-defect-state SiOt/Si trapping model
. t .
SiOz/Si implantation in accumulation (V V j )
Having found the characteristics of the various layers from the oxide implantation experiments, we can proceed further with analysis of the defects at the SiO*/Si interface. 
SiOz/Si implantation in depletion (V Vp)
So far, we have discussed only the SiOz/Si interface signature (denoted as "SiO2/Si +", Figure 8 ) at positive bias. Our simple SiO2-SiO2/Si-Si model can be extended to calculate the contributions from these three states at negative bias. The results from the calculations at negative bias and 13 keV beam energy are shown in Figure 9 . Near the flat-band condition ( V = -9 V) the results imply an increase of the annihilation at the SiO2/Si interface on the expense of bulk annihilation due to back-diffusion from the Si substrate. At larger bias ( V < -30 V), however, the calculated fractions are clearly erroneous: there is no logical explanation within the frames of the assumed model of the increase of the bulk signal (solid circles). As the system is well defined (three equations for three unknowns) and a contribution of a fourth state is eliminated, we must conclude that our initial assumption is incorrect, and the characteristics of the considered states have changed. Ruling out the Si and Si02 is trivial, and therefore the cause can be traced to the signature of the SiO2/Si interface.
We can take this a step further and make a rough estimate of the (S; w) interface 'fingerprint' at negative bias. For that, we assume that for small bias (-20 V, -30 V), the fraction of positrons, driven in the direction of the interface by the electric field in the depletion layer, is small in comparison with the fraction of positrons, reaching the interface in the diffusion process. Equivalently, the respective weights of the participating layers are assumed to be similar to those at flat-band condition. The obtained signature is shown in Figure 8 (denoted as ''Si02/Si -"). We must stress that the present data cannot conclusively identify the "SiO2/Si -"-fingerprint.
V. REVISION OF THE ISSUES OF DEBATE
A positron mobility in a biased Si02 was found to be - 
Electric-Jeld-assisted transport
Obviously, the positron mobility is directly related to the properties of the specific oxide layer, which can most likely be traced back to preparation conditions. In the absence of strong and efficient traps, the positron drift in electric field is enhanced, as first demonstrated by the Delft group. The examples given in this paper characterize the extremes from immobile to nearly free positrons, indicating that oxide with any desired property can be engineered. The Brookhaven experiments, on the other hand, do not support positron transport in the Si02 layer due to a significantly larger energy loss rate. Having in mind that the positron mobility is proportional to the average time between collisions (Eq. 9), the energy loss rate goes as Sd,u+. In a similar to the discussed above analysis, we take the reported values in Ref.
[ 3 for the maximum field (3.3 MV/cm) and calculate &= 10.5 meV, a factor of 2 larger than that in our samples, but still below the TO phonon limit 3). Thus, in conjunction with the 100 times smaller mobility, we find that their energy loss rate is some 200 times larger than the estimated from our experiments. Therefore, all positrons approaching the interface from the substrate remain trapped in the defects at the SiOZ/Si, and thereby it is safe to consider that in that system the interface is a perfect sink for positrons.
Two distinct defect signatures at the SiOz/Si interface
In our experiments, the interface signature at negative bias is weak, obscured by the finite trapping rate at the SiOz/Si, and the consequences of the positron transport in the oxide. Nevertheless, the analysis confirms the bias-dependent two-defect-state model of the SiOz/Si interface, proposed by the Brookhaven group. The lack of positron mobility in their samples enabled the investigation of a broad spectrum of SiOz/Si properties without such complications. The dominant role in the positron trapping at the SiOz/Si in a forward biased MOS was attributed to the negatively charged Si dangling bonds. A somewhat less specific description was given of the neutral defects, responsible for the interface annihilation signal at reverse biased MOS. A recent work by Kauppinen et aZ. [24] gives more insight by identifying divacancies at the SiOz/Si interface.
VI. SUMMARY
In Evidence of bias-dependent two-state signature of the SiO2/Si was obtained for interface positron implantation, despite the destructive interference of the relatively small energy loss rate and enhanced positron mobility in the oxide.
We applied our energetic approach to resolve long-debated aspects of the positron kinetics in MOS systems, and provide justification of previously reported in the literature results. We conclude that the contradictions originated from the failure to consider properly the oxide properties, which govern the positron mobility and the energy loss rate. Estimates and comparison of these quantities with our values is performed.
Our findings can be utilized for further progress in characterizing the defect states at the SiOl/Si interface by means of two-dimensional angular correlation technique (2D-ACAR), imaging the electron momentum space. MOS devices with high and low positron mobility in the Si02 can be engineered. The former can provide the signature of the Si dangling bonds (thick oxide, Si02 implantation, forward bias), whereas the latter can be used to obtain the divacancy 'fingerprint' (thin oxide, substrate implantation in high-resistivity Si, reverse bias).
In conclusion, we resolved prior debates on the interpretation of the experimental results from positron studies of MOS systems. This paves the way for further progress in the understanding of the SiO2/Si structure and properties, important for the future progress in fabricating state-of-the-art thin-gate transistors. Fig. 1 S parameter as a function of depth at different gate bias. 
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